Restricted seed dispersal is one of the most prevalent determinants of spatial genetic structure (SGS) at a fine spatial scale within a plant population. Rhododendron kaempferi and R. semibarbatum are common and coexistent Ericaceous species in the shrub layer of secondary deciduous broad-leaved forests in the northern Kanto District, central Japan. The two species have entomophilous flowers and are thought to have similar pollination styles. However, R. kaempferi produces threefold heavier seeds than R. semibarbatum. Therefore, we tested the hypothesis that the intensity of SGS was stronger in R. kaempferi than in R. semibarbatum in a forest stand. We comparatively examined the SGS for 73 individuals of R. kaempferi and 36 individuals of R. semibarbatum by using highly variable nuclear microsatellite loci. The analysis revealed significant SGS in both species at the shortest distance (<3 m); a measure to quantify SGS showed a counterintuitive result: R. semibarbatum exhibited stronger SGS than R. kaempferi. This result might be explained by the ecological consequences of R. semibarbatum producing lighter seeds, which might have greater dispersal efficacy, but its safe sites could be more restricted than those of R. kaempferi; in contrast, R. kaempferi producing heavier seeds might have more limited seed dispersal, but its safe sites for seedling establishment could be more prevalent than those for R. semibarbatum. The different strategies for the trade-off between seed weight and site selection of the two Rhododendron species might be reflected in the difference in the intensity of SGS in this study plot.
Introduction
Spatial genetic structure (SGS), the nonrandom spatial distribution of genotypes, in natural populations can result from evolutionary and ecological processes, including random genetic drift, natural selection, and gene flow (Wright, 1943; Epperson, 1992; Loiselle et al., 1995; Vekemans and Hardy, 2004) . In addition, intrinsic biological traits (e.g., clonality, breeding systems, life form, and regeneration strategy) as well as extrinsic biological traits (e.g., disturbance and behavior of seed dispersers) are important factors that affect SGS (Chung et al., 2004; Vekemans and Hardy, 2004; Dering et al., 2015) . These processes determine in combination, interactively, or solely the intensity and dynamics of SGS. At a fine spatial scale within a plant population, restricted gene dispersal by seeds and pollen is the most prevalent determinant of SGS (Hamrick and Nason, 1996; Chung et al., 2004; Vekemans and Hardy, 2004) . Hence, in plant species belonging to the same genus, species producing light seeds can disperse their seeds over longer distances than those producing heavier seeds; therefore, if they have the same pollination style, the former is expected to have a near random spatial structure or lower intensity of SGS than the latter (Chung et al., 2004; Vekemans and Hardy, 2004) . Rhododendron kaempferi Planch. and R. semibarbatum Maxim. are hemideciduous and deciduous shrubs, respectively, belonging to Rhododendron, subgenus Azaleastrum, section Tsutsusi in Ericaceae (Goetsch et al., 2005) . The two species are endemic to Japan and are widely distributed from Hokkaido to Kyushu in sunny secondary deciduous broad-leaved forests. The two species are hermaphroditic and have entomophilous flowers. The mean weight of 100 seeds and the mean length of sound seeds are 13.7 mg and 1.31 mm in R. kaempferi, and 4.5 mg and 0.84 mm in R. semibarbatum, respectively (Nakayama et al., 2016) , indicating that R. kaempferi produces larger and threefold heavier seeds than R. semibarbatum. Wang et al. (2014) compared the seed weights of 42 Tibetan Rhododendron species; the seed weights of R. kaempferi and R. semibarbatum fall within large and small seed weight ranges, respectively, among the Rhododendron species compared in their study. In addition, the number of sound seeds per capsules and number of capsules per individual differ between the species: 55.3 and 6.8 in R. kaempferi and 212.8 and 11.4 in R. semibarbatum, respectively (Nakayama et al., 2016) . Thus, we hypothesized that the intensity of SGS was stronger in R. kaempferi that produces a smaller quantity of heavier seeds than that in R. semibarbatum that produces a larger quantity of lighter seeds.
Previous studies have shown that clonality affects the SGS of tree species (Suvanto and Latva-Karjanmaa, 2005; Dering et al., 2015) . Rhododendron species are reported to commonly exhibit clonal structure through layering (Escaravage et al., 1998; Naito et al., 1999; Mejías et al., 2002; Elliott and Vose, 2012) . To remove the effect of clonal structure on the SGS, SGS should be analyzed for one stem from each clone (multi-locus lineage; MLLs) based on clonal identification. However, genotypes of stems sampled from the same clone were not always identical owing to null alleles, genotypic errors, and somatic mutations; therefore, clones can be considered those comprised of slightly different multi-locus genotypes (MLGs; Meirmans and Tienderen, 2004; James and McDougall, 2014) . Thus, for clonal identification, we need to determine the mutation threshold value for assigning MLGs to the clones.
Therefore, the goal of this study was to test the hypothesis by using highly variable nuclear microsatellite markers and one stem from each identified clone for the two sympatric Rhododendron species having different seed weights in a forest stand.
Material and Methods

Study site
The study was conducted in the Utsunomiya University Forest at Funyu, Tochigi Prefecture, in the northern Kanto District, central Japan. R. kaempferi and R. semibarbatum are common in the secondary deciduous broad-leaved forests and deciduous-red pine mixed forests and are the main components of the Rhododendro-Pinetum densiflorae community in the University forest (Usui, 1966) . According to tree survey data (Aizawa unpublished), the mean and maximum heights of the species found in the University forest are 1.7 m and 2.9 m (N = 79) for R. kaempferi and 1.7 m and 2.4 m (N = 29) for R. semibarbatum, respectively. The annual mean temperature (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) was 11.9°C and Kira's Warm Index (WI) was 93.2°C; annual mean precipitation was 1556.7 mm. The forest was characterized by clear weather with relatively little precipitation in winter, which is the common winter climate across the Pacific Ocean side of Japan.
We established a plot (10 m × 10 m) on a gentle NWN facing slope with a 13° inclination in a secondary deciduous broad-leaved closed-canopy forest at forest compartment#6 in the University forest (36°46.680΄N, 139°49.507΄E; 320-m altitude), in which Quercus serrata were dominant in the canopy layer and R. kaempferi and R. semibarbatum were dominant in the shrub layer with a small number of R. wadanum and R. quinquefolium. The age of the forest was 46 years after the latest cutting in 2012. Forest management for the deciduous broadleaved trees, such as cutting for charcoal and litter gathering for compost, has ceased since the 1960s in the University forest; thus, the two Rhododendron species might have been established at that time. We mapped the coordinates of all the stems (length of stem, ≥1.0 m) that did not have any distinct connection with the roots and creeping stems above the ground using a laser compass (Figure 1 ). Heywood (1991) recommended that sampling to study SGS should be spread over as large an area as possible to minimize the effects of stochastic variation. In addition, many potential factors may affect SGS in individual plots. Therefore, testing the hypothesis in single plot might be criticized. However, there were few forest stands where the appropriate numbers of individuals of the two Rhododendron species occurred for reliable SGS analyses. Thus, we used a single plot in the forest stand. Figure 1 Spatial distribution of the stems of the two Rhododendron species at the study plots. Dotted ranges indicate the clones with multiple stems for R. kaempferi. Ground surface conditions were classified into two categories: soil (area in gray) and litter or sedge.
Sampling and DNA extraction
We collected fresh leaves for DNA analysis from 89 stems of R. kaempferi and 36 stems of R. semibarbatum from the study plot in 2012; these included all the stems of the two Rhododendron species in the study plot. Fresh leaves were stored in a freezer at -20°C. Total DNA was extracted from approximately 50 mg of leaves using the DNeasy Plant Mini Kit (Qiagen, Tokyo, Japan), according to the manufacturer's instructions.
Primer screening and genotyping of the nuclear microsatellite loci
For initial screenings, we used 39 nuclear microsatellite loci (simple sequence repeats; SSRs) that were developed for R. simsii by Dendauw et al. (2001) and Tan et al. (2009) , R. ferrugineum by Delmas et al. (2011) , and R. metternichii by Naito et al. (1998) and Kameyama et al. (2002) . Of the 39 loci, five polymorphic loci each for R. kaempferi and R. semibarbatum were used (Table 1) . Polymerase chain reaction (PCR) analyses were performed in 10 μL volumes. For AZA-0003 and AZA-009 loci, the reaction mixture contained 10 ng genomic DNA, 0.1 mmol/L of each dNTP, 1× PCR buffer, 1.5 mmol/L MgCl 2 , 0.5 U Ampli Taq Gold (Applied Biosystems, PE Corp., Foster City, CA, USA), and 0.1 μmol/L of each primer. For the other four loci, the mixture contained 10 ng genomic DNA, 0.2 mmol/L of each dNTP, 1× PCR buffer, 1.5 mmol/L MgCl 2 , 0.5 U Ampli Taq Gold (Applied Biosystems), and 0.3 μmol/L of each primer. The PCR thermal profile was as follows: an initial denaturing step for 10 min at 94 °C, followed by 35 cycles of 45 s at 94 °C, 45 s at the annealing temperature (Table 1) , and 45 s at 72 °C before a final elongation step at 72 °C for 7 min; PCR was performed in a GeneAmp 2720 PCR System (Applied Biosystems). The forward sequence of each primer pair was labeled with a fluorescent dye (FAM, PET, or NED). The genotypes were determined using an ABI 3500 Genetic Analyzer and GENEMAPPER ver. 4.1 (Applied Biosystems).
Data analysis
For clonal identification, clones (MLLs) were determined less stringently using a range of mutation thresholds based on a histogram of pairwise distances; a bimodal distribution of pairwise distances denoted the presence of null alleles, genotypic errors, and somatic mutations (e.g., Douhovnikoff and Dodd, 2003) . However, no objective criterion was available (Meirmans and Tienderen, 2004) . Therefore, we determined the mutation threshold value (G) according to the recommendation proposed by Schnittler and Eusemann (2010) and presence of bimodality of the histogram of the pairwise distances. Pairwise distances by allelic state under the infinite allele model, which is equivalent to the Manhattan distance for haploid data without missing values, between all the pairs of MLGs were calculated using GENOTYPE (Meirmans and Tienderen, 2004) .
For different MLGs, allelic polymorphisms at each nuclear SSR locus were evaluated: total number of alleles detected (N A ), observed heterozygosity (H O ), expected heterozygosity (H E ), and null allele frequency estimate [f (null)], were calculated using CERVUS ver. 3.0 (Kalinowski et al., 2007) . Calculation of the fixation index (F IS ) and tests for the significant deviation of the F IS value from zero at each locus using randomizations were performed in FSTAT 2.9.3 (Goudet, 2001) .
The SGS was analyzed using SPAGeDi 1.4 c (Hardy and Vekemans, 2002) . Four and five loci were used for the analyses of R. kaempferi and R. semibarbatum, respectively. We used a parameter-kinship coefficient for codominant markers (F ij ; Loiselle et al., 1995)-computed as a correlation coefficient between allelic states randomly drawn from two different individuals (i and j). The kinship coefficient was computed using one stem with the maximum diameter above the ground from each clone. We constructed a correlogram with 95 % confidence intervals for the null distribution that assumes no SGS by obtaining 10,000 permutations in five 3-m distance intervals. For credible estimation, the distance interval was defined, except for the maximum distance interval, according to the guidelines of Hardy and Vekemans (2013) . For each distance class, the minimum number of pairs (#pairs) and the minimum percentage of individuals participating at least once in the interval (% partic) should be >100 and 50, respectively. In addition, the coefficient of variation of the number of times that each individual is represented (CV partic) in each interval was set to <1 according to Hardy and Vekemans (2013) , except for the fourth and maximum distance interval for R. kaempferi and the maximum distance interval for R. semibarbatum. A significant SGS was assessed as an outlier in the observed data from the 95 % confidence intervals. We also calculated the Sp statistic, which is a measure to quantify the SGS, -b ln / (1 -F (1) ), where b ln is the slope of the regression of F ij on the natural logarithm of geographic distance and F (1) is the mean F ij between individuals belonging to the first distance interval (Vekemans and Hardy, 2004) .
Results
Microsatellite markers and clonal identification
We genotyped the five loci for all 89 stems for R. kaempferi and 36 stems for R. semibarbatum. semibarbatum, respectively. Significant positive deviation of F IS from zero (P < 0.05) and an elevated level for f (null) greater than 0.4 were observed at the AZA009 locus in R. kaempferi (Table 1) . Thus, we excluded this locus from the analysis of SGS in R. kaempferi.
Spatial genetic structures
The correlogram for the 73 stems for R. kaempferi and 36 stems for R. semibarbatum (one stem from each clone) in the study plot showed significant spatial structures at 0-3-m intervals (P < 0.001). The values of F ij were considerably low, ranging from -0.0078 to 0.0756 for R. kaempferi and -0.0159 to 0.0258 for R. semibarbatum (Figure 3 ). The Sp statistics for R. kaempferi and R. semibarbatum were 0.0078 and 0.0185, respectively.
Discussion
Spatial genetic structure
Microsatellite analyses indicated significant SGS in both species at the shortest distance (<3 m). The Sp statistics were approximately twofold higher in R. semibarbatum (0.0185) than in R. kaempferi (0.0078), denoting that R. semibarbatum exhibits stronger SGS than R. kaempferi. This result is contrary to our expectation that R. semibarbatum, producing a larger quantity of lighter seeds than R. kaempferi, would exhibit a weaker SGS. Vekemans and Hardy (2004) indicated that plant breeding systems and life forms have a highly significant effect on the Sp statistics, mirroring patterns of SGS. The Sp statistics of both species fell within the values of outcrossing (0.0025-0.00227) and self-incompatibility (0.0057-0.0211). The breeding system of R. kaempferi has not yet been reported; however, R. semibarbatum has been shown to be Figure 2 Frequency distribution of all the pairwise distances of genotypes among stems analyzed for the two Rhododendron species. Number of pairs less than 10 is shown in parentheses on the bars; N stem , number of stems used for analysis.
Figure 3
Correlogram of the spatial distribution of the two Rhododendron species. Dotted lines represent 95 % confidence intervals for the null hypothesis, which assumes no genetic structure on the basis of 10,000 randomizations. *P < 0.001, statistically significant; N clone , number of clones, from which one stem each were used for analysis partially self-incompatible and requires outcrossing for effective seed production (Ono et al., 2008) . In addition, considerably low levels of F ij were observed for the two species. These results suggest that outcrossing and possible self-incompatibility can act to purge inbreeding within populations for the two Rhododendron species; therefore, the difference in the intensity of SGS between the two species is not explained by the breeding system. Considering that the two Rhododendron species exhibit the same shrub life form and that restricted gene dispersal by seeds and pollen is the most prevalent driver of SGS (Hamrick and Nason, 1996; Vekemans and Hardy, 2004) , the higher level of Sp statistics for R. semibarbatum suggests that seed and/or pollen dispersal of R. semibarbatum could be more restricted than that of R. kaempferi.
Spatial genetic structure and seed dispersal
Rhododendron species produce tiny seeds, and hence, their seeds are likely dispersed over a long distance by wind, over at least 30-80 m (Ng and Corlett, 2000; Wang et al., 2014) . Further, Rhododendron species are known to require limited microhabitats for germination and seedling establishment; most of their seedlings were restricted to litter-free open sites or Bryophytecovered sites (Cross, 1981; Kameyama et al., 1999; Ng and Corlett, 2000; Suzuki et al., 2000; Morimoto et al., 2003) . For species with small seed reserves, such as Rhododendron species, litter acts as a physical barrier for seedling emergence and for seeds to reach the soil. Therefore, the inability of the roots to penetrate the deep litter layer, which inhibits their moisture supply, and burial of small seedlings by litter accumulation result in the hindrance of seedling establishment (Facelli and Pickett, 1991; Lusk, 1995) . In fact, at our study site, litter from broadleaved trees and sedge (Carex gifuensis) covered approximately 90% of the forest floor (Figure 1 ) under the closed-canopy, and seedlings of the two Rhododendron species were rarely found at this site based on our observations. Species with a large quantity of smaller seeds might have a greater dispersal efficacy than those with larger seeds, but they might contain fewer reserves for supporting seedling establishment and their safe sites for seedling establishment might become more restricted (Schupp, 1995; Tanaka and Kominami, 2002) . Therefore, R. kaempferi, producing threefold heavier seeds than R. semibarbatum, might have more limited seed dispersal, but its safe sites for seedling establishment could be present over a wider range from the mother trees than those of R. semibarbatum; in contrast, R. semibarbatum might have a greater dispersal efficacy than R. kaempferi, but its safe sites could be more restricted around the mother trees. Although more rigorous investigations using additional independent plots for more extrapolation are needed, nonetheless, these ecological consequences might be responsible for the stronger SGS of R. semibarbatum than that of R. kaempferi in this study plot.
Spatial genetic structure and pollen limitation
Pollen limitation is also known to affect SGS; pollen limitation is associated with the density of flowers within a population and the differences in pollinator species (Torres et al., 2003) . The two Rhododendron species have different flowering seasons.
The flowering period of R. kaempferi is between mid-May and the end of May when other sympatric Ericaceous species, such as R. wadanum, R. quinquefolium, and Enkianthus subsessilis, are also in the flowering stage at our study site; however, the flowering period of R. semibarbatum is between the beginning of July and beginning of August (Nakayama et al., 2014) . The flowering seasons do not overlap between the two Rhododendron species, and the density of flowers of Rhododendron species in the forest is likely higher at the time when R. kaempferi is in the flowering stage than it is for R. semibarbatum. This might suggest that pollen limitation can prepensely occur in R. kaempferi because many pollinators tend to frequently visit nearby flowers within local patches (Hirao et al., 2006) . Given this pollen limitation, R. kaempferi could exhibit stronger SGS than R. semibarbatum. However, the opposite result was obtained and R. semibarbatum exhibited a stronger SGS than R. kaempferi. In addition, the two Rhododendron species depend on insect pollination. At our study site, bumblebee species are the pollinators for flowers of the two Rhododendron species, which is consistent with the findings of previous studies suggesting that the main pollinators for R. semibarbatum are bumblebee species (Ono et al., 2008) and bumblebee species are common pollinators for Rhododendron species (Kudo, 1993; Ng and Corlett, 2000; Mejías et al., 2002) . Therefore, we might exclude the possibility that pollen limitation and difference in pollinator species could explain the differences in the intensity of SGS between the two Rhododendron species.
Conclusions
We presented a case study wherein we comparatively investigated the SGS for two sympatric Rhododendron species having different seed weights in a forest stand using highly variable nuclear microsatellite markers. We found that R. semibarbatum exhibited stronger SGS than R. kaempferi. This result might be explained by the ecological consequences of producing lighter seeds than R. kaempferi, which might have more limited seed dispersal. However, safe sites for R. semibarbatum seedling establishment could be more restricted around mother trees than those for R. kaempferi, whose safe sites could be more prevalent. The difference in strategies for the trade-off (seed weight vs. site selection) of the two Rhododendron species might reflect the difference in the intensity of SGS in this study plot.
